Detection performance is impaired for a visual target presented in an apparent motion (AM) trajectory, and this AM interference weakens when orientation information is inconsistent between the target and AM stimuli. These indicate that the target is perceptually suppressed by internal object representations of AM stimuli established along the AM trajectory. Here, we showed that transient sounds presented together with AM stimuli could enhance the magnitude of AM interference. Furthermore, this auditory effect attenuated when frequencies of the sounds were inconsistent during AM. We also confirmed that the sounds wholly elevated the magnitude of AM interference irrespective of the inconsistency in orientation information between the target and AM stimuli when the saliency of the sounds was maintained. These results suggest that sounds can contribute to the robust establishment and spatiotemporal maintenance of the internal object representation of an AM stimulus.
Introduction
Our perceptual systems continuously receive huge amounts of multiple sensory inputs (e.g., visual and auditory inputs) from the surrounding environment. We become aware of a single object individuated from a variety of inputs by using perceptual organization mechanisms across time and space. For example, in visual systems, object spatial features (e.g., orientation, shape, and color) are utilized for establishing visual object representation: These features are integrated as an object's unique information, and current information is verified and updated against previous information to maintain and preserve the object representation (cf., ''object file'' theory; Kahneman, Treisman, & Gibbs, 1992) . With regard to auditory systems, frequency and time components are considered key features for object information (Kubovy & van Valkenburg, 2001) .
Previous studies have primarily investigated the characteristics of object-level processing and representation in each sensory modality separately. However, our perceptions are formed by the integration of multisensory inputs, which would allow the perceptual systems to make more coherent and robust perceptions (Ernst & Bülthoff, 2004) . For example, the judgment of audiovisual event (motion) was changed by perceptual grouping of auditory and visual stimuli, suggesting that audiovisual interactions could be modulated by object processing . This indicates that internal object representations could also be established by multimodal information. In fact, some studies have demonstrated that at least in cognitive/semantic processing stages, object representations have multimodal characteristics such that semantic congruency in visual and auditory inputs modulates behavioral performance and/ or brain activity related to object processing (Alpert et al., 2008; Amedi et al., 2004; Hein et al., 2007; Laurienti et al., 2004) . However, it had not been fully examined whether object representations could contain multimodal information in the perceptual processing stage, which is prior to cognitive/semantic-level processing and mediates the establishment of cognitive-or semantic-level object representations. In addition to the fact that multimodal inputs (audition-vision and vision-touch) activates higher object processing brain areas (Lacey & Sathian, 2011) , recent findings suggest that lower brain areas conventionally assumed to be unimodal sensory areas also have multimodal characteristics (Driver & Noesselt, 2008) . Based on these facts, we could assume that object representations containing multimodal information could be perceptually established in the brain.
Recently, Hidaka et al. (2010) investigated auditory effects on visual object representations using an apparent motion (AM) display (Kolers, 1972; Wertheimer, 1912 ). An abrupt change in a visual attribute (size) of an apparently moving visual stimulus extends the time for which the changed stimulus is visible, even after its physical termination (visible persistence) (Moore, Mordkoff, & Enns, 2007) . This indicates that the perceptual systems create a different, new object representation for the changed stimulus against the other stimuli (i.e., the error in updating object representations; see also Burr, 1980; Moore & Enns, 2004) . Hidaka et al. (2010) found that this elongation of visible persistence is enhanced by an abrupt change in an attribute (frequency) of sounds presented with the moving visual stimuli. In addition, this auditory effect disappeared when sound was not associated with the moving visual stimuli. These results suggest that auditory attribute change can contribute to the establishment of a new visual object representation (see also Vroomen & de Gelder, 2000) .
The findings of Hidaka et al. (2010) imply that object-level audio-visual interaction could occur at the perceptual level. However, in their experiments, the frequency changes of auditory stimuli affected visible persistence only when the visual size changes co-occurred. Thus, it was still unclear whether sounds could directly contribute to the establishment process of an object representation, specifically, whether auditory information could be bound directly to object representations or to the size changes of the visual stimuli. The aim of this study was to investigate the direct contribution of auditory information to establishing object representations with audio-visual information at the perceptual processing stage.
When two or more inducing stimuli in different locations are alternately turned on and off at an optimal interval, we perceive smooth AM between them (Wertheimer, 1912) , which is indistinguishable from real motion (Korte, 1915) . Since AM can be perceived in a trajectory where there are no physical inputs, internal representations of AM stimuli are assumed to be established along the AM trajectory. In fact, some psychophysical (Hogendoorn, Carlson, & Verstraten, 2008; Yantis & Nakama, 1998) and brain imaging (Liu, Slotnick, & Yantis, 2004; Muckli et al., 2005; Sterzer, Haynes, & Rees, 2006; Wibral et al., 2009 ) studies have indicated the existence of internal object representations in an AM trajectory. A recent study demonstrated that detection performance was impaired for visual targets presented in an AM trajectory (Hidaka et al., 2011) . Furthermore, this AM interference weakened when orientation information is inconsistent between the target and AM stimuli. These findings indicate that the target can be perceptually suppressed by internal object representations of AM stimuli established along the AM trajectory. The current study examined the effect of auditory information on internal object representations by using the magnitude of AM interference as an index.
In experiments, we presented transient sounds together with AM stimuli. Transient sounds can enhance the perception of visual stimuli in terms of perceived intensity (Stein et al., 1996) and vividness (Sheth & Shimojo, 2004) . Thus, we hypothesized that transient sounds would enhance not only the perceived intensity of AM stimuli but also their products of internal object representations. This would result in an increase of AM interference, because AM interference could be assumed to occur due to the suppression of physical inputs by the internal object representation. In fact, the sounds presented together with AM stimuli, not with a visual target, induced stronger AM interference only when a visual target was presented along the AM trajectory (Experiment 1). We also confirmed that this auditory effect on AM interference attenuated when frequencies of the sounds were inconsistent during AM (Experiment 2). Moreover, the sounds wholly elevated the magnitude of AM interference irrespective of the inconsistency in orientation information between the target and AM stimuli (Experiment 3). These results suggest that sounds can directly contribute to the robust establishment and spatiotemporal maintenance of the internal object representations of AM stimuli.
Experiment 1
In Experiment 1, we investigated the effect of transient sounds on the magnitude of AM interference by presenting sound and nosound conditions under three visual conditions (AM-on-path, AMoff-path, and flicker (FL)). In AM-on-path condition, the visual target was presented along the AM trajectory of the inducers (Fig. 1A) . In the AM-off-path condition, the horizontal position of the inducers was displaced rightward relative to the target by 2 deg. This served as a control for possible attentional cueing effects (Spence & Driver, 1997) , whereby sound diverts visual attention from the target location to each AM stimulus. In the FL condition, two inducers simultaneously flickered so that AM was not perceived. This was also a control condition for any possible confounding effects of sound presentation itself, such as the induction of a change in arousal level.
Methods

Participants and apparatus
Written consent was obtained from each participant before initiating the experiments. All experiments were approved by the local ethics committee of Rikkyo University. Seven paid volunteers (undergraduate students in Rikkyo University) participated in the first experiment. They were naive to the purpose of this experiment. All had normal or corrected-to-normal vision and normal hearing.
The visual stimuli were presented on a linearized CRT display (EIZO FlexScan T776, 19 in.) with a resolution of 1280 Â 960 pixels and a refresh rate of 75 Hz. The auditory stimuli were presented via headphones (SENNHEISER HDA200) monaurally in order that the auditory stimuli did not have any spatial information and they were certainly attributed to visual stimuli (visual capture: McGurk & MacDonald, 1976) . A customized PC (Dell-Precision T5500) and MATLAB (The Mathworks Inc.) with the Psychophysics Toolbox (Brainard, 1997; Pelli, 1997) were used to control the experiment. The participants placed their heads on a chin rest, and reported their responses using the ''1'' (indicating target-present) or ''3'' (indicating target-absent) key on a numeric keyboard.
Stimuli
We presented Gabor patches with black and white horizontal stripes (1.5 Â 1.5 deg, 1.5 cycle/deg, r = 0.25 deg) as visual stimuli against a gray background (30 cd/m 2 ) (Fig. 1A) . The luminance of inducers for AM ranged from 0.1 to 60 cd/m 2 (from À100% to 100% in Weber contrast), and the target's luminance ranged from 15 to 45 cd/m 2 (from À50% to 50% in Weber contrast). The inducers and target were aligned vertically. The distance between the inducers was 6 deg. The target was presented in between the inducers so that the distance between the target and inducers was 3 deg. A black (0.1 cd/m 2 ) fixation circle consisting of three rings was presented on the left of the inducers and targets. The distance between the fixation circle and targets was 7.5 deg. The duration of the inducers was 80 ms, and inter stimulus intervals (ISIs) were 106 ms. The target was presented at an intermediate temporal position between the inducers for 26 ms.
The ISIs between the target and inducers were 40 ms. Two types of pure tone-400 Hz and 2100 Hz (SPL = 75 dB)-were used as auditory stimuli. The duration of each tone was 80 ms with 5 ms of cosine ramp at the onset and offset.
Procedure
After the presentation of the fixation circle for 1000 ms, the inducers were presented as shifting from either the upper to the lower end or vice versa. Each trial comprised 20 AM sequences in which AM stimuli were perceived as moving back and forth, and was divided into three phases: pre-target, target, and post-target. In the pre-target phase, only the inducers appeared. The length of the pre-target phase was randomly assigned from 6 to 13 sequences in each trial to prevent participants from predicting the timing of the target onset. In the subsequent target phase, the target was present in half the trials and was absent in the other half. Thereafter, the remaining sequences containing only the presentation of the inducers were presented as the post-target phase. There were three visual conditions. In the first, the spatial position of the target fell within the AM trajectory of the inducers (AM-on-path). In the second, the horizontal position of the inducers was displaced rightward relative to the target by 2 deg (AM-off-path). Finally, in the third condition, two inducers simultaneously flickered so that AM was not perceived (FL) (Fig. 1) . Two auditory conditions were presented: sound and no-sound. Transient tones were presented together with the inducers in the sound condition, and were omitted during the no-sound condition. In the sound condition, the onset of the tones was synchronized with that of the inducers. The task of the participants was to report whether they perceived the target.
The experiment consisted of two sessions. In the practice session, the participants completed 24 trials: visual conditions (3) Â auditory conditions (2) Â target (2; present/absent) Â repetitions (2). The main session consisted of 240 trials: visual conditions (3) Â auditory conditions (2) Â target (2) Â repetitions (20). The visual and auditory conditions and target presentations were introduced in a random order in each trial and were counterbalanced among the participants.
Results and discussion
First, we calculated the average proportion correct for the target-present and target-absent trials. Next, as an index of detection sensitivity to the target, we computed d-primes on the basis of the signal detection theory (Macmillan & Creelman, 2004) . This was because changes of the d-prime could be separated from those of criterion, namely, response or decisional biases (e.g., the presentation of the sounds induced the frequent ''visual target present/absent'' responses). We can, therefore, assume that the experimental findings cannot be explained simply by any response or decisional bias. Responses of target-present were regarded as ''hits'' in the trials with a target, and as ''false alarms'' in the trials without a target. The proportions of hits and false alarms with 0% or 100% values were corrected as 1/n or (n À 1)/n, respectively, where n was the total number (20 times) of presentations (Anscombe, 1956; Sorkin, 1999) . We also calculated an index of the biases (b).
The calculated d-primes are shown in Fig. 1B . A two-way repeated-measures analysis of variance (ANOVA) was conducted with visual conditions (3) Â auditory conditions (2). We found a significant main effect of visual conditions (F(2, 12) = 12.15, p < .005). A post-hoc test (Tukey's HSD) found that the d-prime of the AM-on-path condition was smaller than that in the other conditions. In contrast, the main effect of auditory conditions was not significant (F(1, 6) = 0.44, p = .53).
We also found a significant interaction between the factors (F(2, 12) = 5.63, p < .05). With regard to the simple main effects of visual conditions in the sound and no-sound conditions (Fs(2, 24) > 7.7, p < .005), the post-hoc test found that the d-prime of the AM-on-path condition was smaller than that in the other conditions (p < .05). Moreover, a simple main effect of auditory conditions was significant in the AM-on-path condition (F(1, 18) = 7.69, p < .05). This revealed that the d-prime of the sound condition was smaller than that of the no-sound condition. In contrast, there were no significant simple main effects of auditory conditions in the AM-off-path and FL conditions (Fs(1, 18) < 0.50, ps = .49). We also confirmed that the data pattern of b values was not consistent with that of d-primes (Fig. 1B) . Particularly, b values were similar between the AM-on-path and AM-off-path conditions, and the auditory effect did not appear in the AM-on-pathcondition.
Similar to the previous study (Hidaka et al., 2011) , our results showed that detection sensitivity to the target decreased when the target was presented in the AM trajectory. We newly found that detection performance was more impaired when the sounds were presented with AM stimuli. It might be possible that the sounds diverted visual spatial attention from the target location to AM stimuli. However, because the target detection was not impaired in the AM-off-path condition, this explanation is unlikely. Additionally, since the detection performance did not change according to the sound presentations in the FL condition, the auditory effect could not be simply explained by the sound presentation itself. These findings show that the sound enhances the magnitude of AM interference, indicating that it enhances the perceptual intensity of AM stimuli and their products of the internal object representation.
Experiment 2
In Experiment 1, we found that the transient sounds presented together with the AM stimuli strengthened the magnitude of AM interference. A previous study pointed out that frequency information is a key feature for auditory object information (Kubovy & van Valkenburg, 2001 ). In fact, it has been suggested that frequency changes in sound presented together with moving visual stimuli could contribute to the establishment of a new visual object representation (Hidaka et al., 2010) . Therefore, it would be possible that sounds are more effective on AM interference when their frequencies are consistent as compared to when they are inconsistent during AM: Consistent sounds would confer a stable contribution to the enhancement of the perceptual intensity of AM stimuli and their internal object representations. In the second experiment, we examined whether frequency changes in sound could influence the auditory effect on AM interference.
Methods
Seven newly recruited volunteers (undergraduate students in Rikkyo University) participated in this experiment. They were naive to the purpose of this experiment. All the participants had normal or corrected-to-normal vision and normal hearing.
Based on the results of Experiment 1, the FL condition was considered to be stable for a control condition against the AM-on-path condition. However, in this experiment, we needed to present the sounds containing the same or different frequencies synchronized with each AM stimulus. For this purpose, the AM-off-path condition was adequate for a control condition because the manner of the presentations of the inducers was identical between the AMon-path and AM-off-path conditions. Thus, the AM-on-path and AM-off-path conditions were included, and the inducers were always accompanied with sounds. Whereas the frequency of the accompanying sounds was consistent (either 400 Hz or 2100 Hz) during the 20 AM sequences in some trials, the frequencies were different between the inducers' locations (upper and lower) in 0.5 octave (either 400-566 Hz or 2100-2970 Hz) or 1 octave (either 400-800 Hz or 2100-4200 Hz) in the other trials ( Fig. 2A) . In the practice session, the participants completed 24 trials: visual conditions (2) Â sound frequencies (3) Â target (2; present/ absent) Â repetitions (2).
The main session consisted of 240 trials: visual conditions (2) Â sound frequencies (3) Â target (2) Â repetitions (20). The pair of the inducers' locations (upper or lower) and sound frequencies were randomized and counterbalanced among the trials. Except for these differences, the apparatus, stimulus parameters, and procedures were identical to those in Experiment 1.
Results and discussion
Similar to Experiment 1, we calculated the d-primes (Fig. 2B) . A two-way repeated-measures ANOVA was conducted for visual conditions (2) Â sound frequencies (3). A significant main effect of visual conditions (F(1, 6) = 45.40, p < .001) revealed that the d-prime of the AM-on-path condition was smaller than that of the AM-offpath condition. In contrast, a main effect of auditory conditions was not significant (F(2, 12) = 0.53, p = .60). A significant interaction was observed between the factors (F(2, 12) = 6.53, p < .05). Significant simple main effects of visual conditions revealed that the d-prime of the AM-on-path condition was smaller than that of the AM-off-path condition for all sound frequencies (Fs(1, 18) > 12.31, ps < .005). Moreover, a simple main effect of sound frequency was significant in the AM-on-path condition (F(2, 24) = 5.30, p < .05). The post-hoc test revealed that the dprime in 0 octave difference was smaller than those observed in 0.5 octave and 1 octave differences (p < .05). On the contrary, a simple main effect of sound frequency was not significant in the AM-off-path condition (F(2, 24) = 1.86, p = .18). We also confirmed that these tendencies were inconsistent with those of b values.
The results showed that the magnitude of AM interference was reduced when sound frequencies were varied during AM relative to when they were consistent. This suggests that changes in sound frequencies would impair the spatiotemporal consistency of AM stimuli so that the sounds could not consistently enhance the perceptual intensity of the internal object representations of AM stimuli.
Experiment 3
The results of Experiments 1 and 2 suggest that the auditory enhancement of AM interference could occur due to enhancement of the perceptual intensity of AM stimuli and their products of internal object representations. In the third experiment, we investigated whether the transient sounds presented with AM stimuli could actually enhance the perceptual intensity of the internal object representations in a manner similar to physical inputs (Sheth & Shimojo, 2004; Stein et al., 1996) . While such auditory enhancement effects have typically been demonstrated by changes in perceived luminance or contrast of visual stimuli, our preliminary data confirmed that changes in luminance contrast of AM stimuli had no effect on the magnitude of AM interference (see Supplementary  Fig. S1 ). Hidaka et al. (2011) found that AM interference weakened when orientation information is inconsistent between the target and AM stimuli. Given that sounds could simply enhance the perceptual intensity of AM stimuli and their products of internal object representations, the perceptual existence of the internal representations and resulting AM interference would be wholly elevated. Thus, we could hypothesize that the differences in orientation information between the target and AM stimuli would be less effective as compared to the situation without sounds. To test this possibility, we manipulated the presence/absence of the sounds and the orientation information of the target stimulus relative to the AM stimuli.
Methods
Whereas the inducers always contained 0 deg of orientation (horizontal), the target stimulus contained either 0, ±15, ±45 deg of orientation (Fig. 3A) . Here, the FL condition was included as a control condition against the AM-on-path condition (see also Section 3.1). Both the sound and no-sound conditions were included and randomly presented for the participants. In the practice session, the participants completed 48 trials: visual conditions (2) Â auditory conditions (2) Â target's orientations (3) Â target (2; present/absent) Â repetitions (2). The main session consisted of 480 trials: visual conditions (2) Â auditory conditions (2) Â target's orientations (3) Â target (2) Â repetitions (20). The total number of the trials was equal (10 trials in each) between +15 and À15 deg or +45 and À45 deg of orientations. Except for these differences, the apparatus, stimulus parameters, and procedures were identical to those in Experiment 1.
Results and discussion
As with Experiment 1, we calculated the d-primes (Fig. 3B) . A three-way repeated-measures ANOVA was conducted for visual conditions (2) Â auditory conditions (2) Â target's orientations (3). A significant main effect of visual conditions (F(1, 6) = 35.17, p < .005) showed that the d-prime of the AM-on-path condition was smaller than that of the FL condition. A significant main effect of auditory conditions (F(1, 6) = 6.45, p < .05) found that the d-prime of the sound condition was smaller than that of the nosound condition. A main effect of target's orientations was also significant (F(1, 6) = 6.45, p < .05). The post-hoc test revealed that the d-prime in ±45 deg of orientation was larger than that in the other orientations (p < .05). An interaction effect among the factors was also significant (F(2, 12) = 3.98, p < .05). Simple interaction effects were significant as follows; visual conditions and auditory conditions in ±15 deg and ±45 deg of orientations (Fs(1, 18) > 6.15, ps < .05), auditory conditions and target's orientations in the FL condition (F(2, 24) = 3.72, p < .05), and visual conditions and target's orientations in the no-sound condition (F(2, 24) = 13.51, p < .001). A simple-simple main effect of visual conditions revealed that the d-prime of the AM-on-path condition was smaller than that of the FL condition in all the auditory conditions and target's orientations (Fs(1, 36) > 10.34, ps < .005). A simple-simple main effect of target's orientations was also significant for the sound and no-sound conditions (Fs(2, 48) > 12.82, ps < .001) in the AM-onpath condition. The post-hoc test found that the d-prime in ±45 deg of orientation was larger than that in the other orientations in both auditory conditions (p < .05). The notable point is that a simple-simple main effect of auditory conditions showed that the d-prime of the sound condition was smaller than that of the no-sound condition in all target's orientations only in the AM-onpath condition (Fs(1, 36) > 4.70, ps < .05). We also confirmed that these tendencies were inconsistent with those of b values.
We found that the magnitude of AM interference was attenuated when orientation information was different between the AM stimuli and target; the targets with ±45 deg of orientation were more easily detected than those with 0 and ±15 deg of orientations. This result was highly consistent with the previous study (Hidaka et al., 2011) . Of importance, our results showed that the sounds wholly elevated the magnitude of AM interference irrespective of the inconsistency in orientation information between the target and AM stimuli; the degradation of detection performance was observed not only for the targets with 0 deg of orientation but also for those with ±15 and ±45 deg of orientations. The finding that the auditory enhancement on AM interference occurred without interacting with the visual orientation differences indicates that the perceptual existence of the internal representations and resulting AM interference were wholly strengthened by the sounds. 
Experiment 3b
The results of Experiment 2 showed that the consistent sounds strengthened AM interference more than the inconsistent sounds. As a follow-up experiment of Experiment 3, we further investigated whether the manner of the sound presentation itself could modulate the auditory effect on AM interference. While the sound and no-sound conditions were randomly intermixed in Experiment 3 (a within-subject-within-block design), these conditions were tested in separate blocks (a within-subject-between-block design) or tested with different participant groups (a between-subject design) in this experiment.
Methods
Nineteen newly recruited volunteers (undergraduate students in Rikkyo University) participated in this experiment. They were naive to the purpose of this experiment. Seven of them participated in an experimental session with the within-subject-between-block design. The remaining 12 volunteers participated in a session with the between-subject design. All the participants had normal or corrected-to-normal vision and normal hearing.
In the within-subject-between-block design session, the sound and no-sound conditions were introduced into two separate blocks. All participants performed both blocks. The order of the blocks was counterbalanced among the participants. In the between-subject design session, on the other hand, half of the participants were assigned to the sound condition, and the other half to the no-sound condition. All participants wore the headphones. While the participants completed 48 practice and 480 main trials in the within-subject-between-block design, half the number of the practice and main trials in either auditory condition was conducted in the between-subject design. Except for these differences, the apparatus, stimulus parameters, and procedures were identical to those in Experiment 3.
Results and discussion
We calculated the d-primes both for the within-subjectbetween-block design and the between-subject design sessions (Fig. 4) . Then, we performed a three-way ANOVA with visual conditions (2) Â auditory conditions (2) Â target's orientations (3) for each session.
Regarding the within-subject-between-block design session, a three-way repeated-measures ANOVA was conducted. A significant main effect of visual conditions (F(1, 6) = 102.13, p < .001) showed that the d-prime of the AM-on-path condition was smaller than that of the FL condition. A significant main effect of auditory conditions (F(1, 6) = 11.12, p < .05) revealed that the d-prime of the sound condition was smaller than that of the no-sound condition. A main effect of target's orientations was also significant (F(1, 6) = 15.14, p < .05). The post-hoc test revealed that the dprime in ±45 deg of orientation was larger than that in the other orientations (p < .05). In contrast, interaction effects including the interaction among the factors (F(2, 12) = 2.58, p = .12) were not significant. We confirmed that the data pattern of the d-primes were inconsistent with that of b values.
With regard to the between-subject design session, a three-way mixed design ANOVA was conducted. A main effect of visual conditions (F(1, 10) = 518.74, p < .001) showed that the d-primes of the AM-on-path condition were smaller than those of the FL condition. A main effect of target's orientations was also significant (F(2, 20) = 11.41, p < .005). The post-hoc test revealed that the dprimes in ±45 deg of orientation were larger than those in the other orientations (p < .05). A main effect of auditory conditions was not significant (F(1, 10) = 0.04, p = .85). An interaction effect among the factors was also significant (F(2, 20) = 3.80, p < .05). Simple interaction effects were significant as follows; visual conditions and auditory conditions in ±15 deg and ±45 deg of orientations (Fs(1, 30) > 4.27, ps < .05), auditory conditions and target's orientations in the AM-on-path condition (F(2, 40) = 3.25, p < .05). A simple-simple main effect of visual conditions revealed that the d-primes of the AM-on-path condition were smaller than that of the FL condition in all the auditory conditions and target's orientations (Fs(1, 30) > 74.65, ps < .001). A simple-simple main effect of target's orientations was also significant for the sound and nosound conditions (Fs(2, 40) > 5.30, ps < .01) in the AM-on-path condition. The post-hoc test found that the d-prime in ±45 deg of orientation was larger than that in the other orientations in the nosound condition (p < .05) and that the d-prime in ±45 deg and ±15 deg of orientation was larger than that in 0 deg of orientation in the sound condition. A significant simple-simple main effect of target's orientations was also found for the sound condition in the FL condition (F(2, 40) > 3.49, p < .05), although the post-hoc test did not find any significant differences between the target's orientations. A simple-simple main effect of auditory conditions showed that the d-prime of the sound condition was larger than that of the no-sound condition only in ±15 deg of orientation of the AMon-path condition (F(1, 60) = 6.96, p < .05). We also confirmed that these tendencies were inconsistent with those of b values.
The results of Experiment 3b did not show the auditory enhancement on AM interference. In the within-subject-between-block design session, the degradation on detection performance by the sounds was not particularly for the AM-on-path condition. In the between-subject design session, the sounds seemed to affect the magnitude of AM interference. However, detection performance became better for the targets with ± 15 deg of orientation when the sounds were presented. Also, this effect was not observed for 0 deg and ±45 deg of orientations. These results suggest that the auditory enhancement on AM interference could be observed only with the within-subject-within-block design (Experiment 3, and Experiments 1 and 2). For further discussion regarding this issue, see Section 6.
General discussion
Detection performance for a visual target is impaired when the target is presented along an AM trajectory (Hidaka et al., 2011) . The aim of this study was to investigate whether transient sounds presented together with AM stimuli, but not target stimuli, could affect the magnitude of AM interference. It was shown that target detection performance was more degraded in the sound condition than the no-sound condition only when the target was presented along the AM trajectory (Experiment 1). Furthermore, this auditory effect on AM interference weakened when sound frequencies were varied as compared to when they were consistent during AM (Experiment 2). We also confirmed that the sounds strengthened the magnitude of AM interference irrespective of the inconsistency in orientation information between the target and AM stimuli (Experiment 3). These findings suggest that sound can contribute to the robust establishment and spatiotemporal maintenance of an internal object representation of an AM stimulus.
It might be that a response bias was involved in the present results, such that presentation of sounds induced frequent ''visual target absent'' responses. However, we found the differences between the conditions in d-primes which could be separated from those of response or decisional biases. We also confirmed that the changes in d-primes were inconsistent with those in b among the experiments. Possible changes in arousal level induced by sound presentation itself were assumed to have no effect on AM interference based on the lack of the auditory effect in the FL condition. The attentional cueing effect, whereby sound diverts visual attention from the target location to each AM stimulus (Spence & Driver, 1997) , might be also suspected. However, this is unlikely because no clear auditory effects were observed in the AM-off-path condition. These indicate that the response biases, changes in arousal level, or attentional effect did not play a key role in the current study.
Instead, we consider that the perceptual enhancement of visual inputs by sound could be involved in our findings. Previous studies have suggested that transient sounds could enhance the perceptual intensity of visual stimuli (Sheth & Shimojo, 2004; Stein et al., 1996) . In our experiments, transient sounds presented together with AM stimuli increased the magnitude of AM interference (Experiment 1). AM interference is assumed to occur by internal object representation of AM stimuli suppressing the perceptual awareness of physically presented targets (Hidaka et al., 2011) . Thus, transient sounds would increase the perceptual intensities of AM stimuli and their products of internal object representations. This idea is supported by the results of Experiment 3, suggesting that perceptual existence of internal object representations could be elevated by transient sounds. It is also notable that the auditory effect on AM interference was attenuated when sound frequency, a key attribute of auditory objects (Kubovy & van Valkenburg, 2001) , was varied during AM in Experiment 2. Overall, the current findings indicate that transient sounds can be involved in robust establishment of the internal object representation of an AM stimulus and in the spatiotemporal maintenance of AM stimuli and their internal representations.
We should also note that whether the auditory enhancement on AM interference appeared or not was dependent on the manner of the sound presentations. Whereas stronger AM interference was obtained by the sounds irrespective of orientation differences in the within-subject-within-block design (Experiment 3), the auditory effect did not appear in the within-subject-between-block and between-subject designs (Experiment 3b). In the latter case, it was notable that the magnitude of AM interference for the sound condition was not stronger than the no-sound condition even when the orientation information was the same between the target and AM stimuli. One possible explanation is a loss of saliency for the auditory stimuli. It was reported that sounds could enhance the perceived strength of visual stimuli especially when the saliency of sounds was maintained: Constantly presented sounds have less effect on visual stimuli as compared to sounds containing changes in intensity (Andersen & Mamassian, 2008) . In Experiment 3b, the participants were either always presented with sounds or never presented with sounds. This manipulation likely reduced the saliency of the sounds as compared to when the sound present/absent trials were randomly intermixed (Experiments 1 and 3) or an auditory attribute (frequency) randomly changed (Experiment 2). Based on these considerations, the results of Experiments 1-3 could be interpreted such that the transient sounds could enhance the perceptual intensity and existence of AM stimuli and their products of internal object representations only when the saliency of the sounds maintained. Detailed investigations should be performed in the near future with regard to the possibility that the saliency of the sounds can systematically affect object-level audiovisual interactions with a precise manipulation of the saliency.
One might assume that the transient sounds presented together with AM stimuli changed AM perception. However, our follow-up experiment revealed that the consistent transient sounds used in Experiments 1 and 3 did not enhance the perceptual quality of AM relative to the no-sound situation. Moreover, the inconsistent sounds used in Experiment 2 did not degrade AM perception as compared to the consistent sounds (see Fig. 5 ). The follow-up experiment found that the transient sounds presented together with AM stimuli did not affect AM perception, although the sounds did change the magnitude of AM interference. We could assume that the obtained auditory effects in the main experiments could be highly related to object processing (AM stimuli and their products of internal object representations) rather than motion processing. However, it should also be noted that the sounds were presented via headphones. Previous studies showed that spatial co-localization between visual and auditory stimuli have an effect on audio-visual interactions (e.g., Calvert, Spence, & Stein, 2004; Keetels & Vroomen, 2005) , including motion perception (e.g. Soto-Faraco et al., 2002) . A detailed investigation regarding this issue should be addressed in future research.
Previous studies have demonstrated that object representations have multimodal characteristics in cognitive/semantic processing stages (Alpert et al., 2008; Hein et al., 2007; Laurienti et al., 2004) . For example, auditory stimuli that were semantically congruent with visual stimuli speeded up the reaction time to detect visual stimuli (Laurienti et al., 2004) and enhanced the activation of the inferior frontal cortex and superior temporal sulcus, which are considered to be involved in multimodal information processing (Hein et al., 2007) . It has also been reported that multimodal object representations could be established by paired association learning of auditory and visual inputs (Morrongiello, Fenwick, & Chance, 1998) . A recent study indicates that object-level audiovisual interactions occur at the perceptual processing stage, which is prior to cognitive/semantic-level processing (Hidaka et al., 2010) . In line with these ideas, the current study suggests that internal object representations could contain both auditory and visual information as their attributes at the perceptual level, and sound could be utilized for establishing and maintaining object representations.
Conclusions
The current study demonstrated that transient sounds presented together with AM stimuli could enhance the magnitude of AM interference. This auditory effect was weakened when sound frequencies were inconsistent during AM. The sounds strengthened the magnitude of AM interference irrespective of the inconsistency in orientation information between the target and AM stimuli when the saliency of the sounds was maintained. We also confirmed that possible changes in arousal level by presentation of sound, auditory attentional capture, or response/decisional biases were not decisive factors to the current findings. The results suggest that internal object representations of AM stimuli can be formed by the multisensory integration of auditory and visual information and that sounds can contribute to the robust establishment and spatiotemporal maintenance of object representations during AM. Procedure. We only presented the inducers as 10 AM sequences. The sounds were presented or not (no-sound condition) together with the inducers. While the frequencies of sounds were constant (400 or 2100 Hz) in consistent-sound condition, the frequencies were different by 1 octave in inconsistent-sound condition. Two AM sequences were sequentially presented and one of the conditions was presented in each sequence. The participants completed 20 paired comparisons for the conditions: no-sound and consistent-sound, no-sound and inconsistent sound, and consistent-sound and inconsistent-sound. The task of the participants was to judge which sequence contained better motion quality (perceived smoothness, perceived intensity, and so on). Except for these differences, the apparatus, stimulus parameters, and procedures were identical to those in Experiments 1 and 2. (B) Results (N = 14). Based on the paired-comparison data, we calculated scale values (Thurstone, 1994) . Here, positive values indicate higher quality of perceived motion, and negative values represent lower quality of motion. A one-way repeated-measures ANOVA revealed a significant main effect of conditions (F(2, 26) = 4.26, p < .05). The post-hoc test found that the scale value of the no-sound condition was higher than the other conditions (p < .05). The error bars denote 95% confidence interval.
